Transparent conducting Ga:ZnO (GZO) and Al:ZnO (AZO) layers have been deposited by spin coating on glass substrates using crystalline nanoparticles redispersed in 1-propanol. The coatings have been sintered in air at 600 ∘ C for 15 min and then postannealed in a reducing atmosphere at 400 ∘ C for 90 min. The effect of Ga and Al doping on the structural, morphological, optical, and electrical properties of the obtained thin films was investigated. Both films were found to be crystalline with a hexagonal structure. A single step spin coated layer 52-56 nm thick is obtained. To increase the thickness and lower the obtained sheet resistance multilayers coatings have been used. The visible transmission of both layers is high ( > 80%). The influence of the sintering temperature and the optimum doping concentration was investigated. Five layers synthesized with doping ratio of 1 mol.% and sintered at 600 ∘ C and then submitted to reducing treatment in forming gas exhibited a minimum resistivity value of 7.4 × 10 −2 Ω⋅cm for GZO layer and 1.45 Ω⋅cm for AZO coating.
Introduction
Transparent conducting oxide (TCO) films have been intensively investigated for optical and electrical applications, such as flat-panel displays, liquid crystal displays, organic lightemitting diodes, thin-film transistors, and thin-film solar cells. Indium doped tin oxide In 2 O 3 :Sn (ITO) is the most popular TCO. Unfortunately, the application of ITO conducting coating is limited due to high price of indium, thermal instability, lack of corrosion resistance, and poor adhesion of the coating under various environments. Zinc oxide (ZnO) thin films are emerging as the most attractive alternate to ITO because they are inexpensive and nontoxic and have high thermal and chemical stability and a wide energy band gap (∼3.3 eV). The substitution of Zn 2+ ions with group III ions (B 3+ , Al 3+ , Ga 3+ , and In 3+ ) generates extra electrons and improves ZnO optical, electrical, thermal, and magnetic properties. The most common dopant is Aluminum, where Al:ZnO (AZO) films exhibit high transparency and low resistivity [1] . The other considered element for use as dopant in ZnO thin films is Gallium (GZO), which could be the best candidate because of its lower reactivity and greater resistance to oxidation with potentially superior stability when compared to other dopants [2, 3] . AZO and GZO films have achieved conductivity approaching those of ITO [4] , where AZO films with resistivity ∼ 8.5 ⋅ 10 −5 Ω⋅cm were reported by Agura et al. [5] . This value is very close to the resistivity of ITO (7.7 × 10 −5 Ω⋅cm) [6] , with a free carrier density of 2.5 × 10 21 cm −3 .
Such materials are suitable for fabricating transparent electrodes in solar cells, gas sensors, optical waveguides, and micromachined actuators [7] . Several techniques have been employed to obtain AZO and GZO films: pulsed laser deposition, chemical vapor deposition, and sputtering [8] . A resistivity of ∼2.8 × 10 −4 Ω cm was achieved for GZO film thickness of 1100 nm by RF sputtering at room temperature [9] . However, the production cost of sputtering techniques is too high due to its expensive equipment and quite slow deposition rate so other techniques have been used for thin film deposition such as chemical vapor deposition [10] , pulsed laser deposition [11] , and molecular beam epitaxy [12] . There are few reports about the deposition of AZO and GZO films by wet chemical techniques [13] [14] [15] [16] .
In this study, gallium and aluminum doped zinc oxide nanopowders (GZO) and (AZO) were synthesized using a 2 Physics Research International hydrothermal process with a different doping concentration. The obtained nanopowders were characterized and dispersed in an organic solvent to produce transparent conducting layers on glass substrates. The structural, electrical, and optical properties of the obtained thin films have been studied as a function of doping concentration, thickness, and sintering temperature using X-ray diffraction, scanning electron microscopy, and UV-Visible spectrophotometry measurement.
Materials and Methods

Preparation and Characterization of GZO and AZO
Nanoparticles. The AZO and GZO nanopowder were synthesized hydrothermally using the precipitation method. The precursor solution for GZO was prepared by using zinc nitrate hexahydrate reagent grade Zn(NO 3 ) 2 ⋅6H 2 O dissolved in absolute ethanol under stirring at 50 ∘ C till clear solution was obtained. The used doping precursor is Gallium(III) nitrate hydrate crystalline Ga(NO 3 ) 3 ⋅xH 2 O dissolved in absolute ethanol. The precursor solution of AZO was prepared by using zinc acetate dihydrate Zn(CH 3 COO) 2 ⋅2H 2 O dissolved in 2-isopropoxy ethanol C 5 H 12 O 2 under stirring at 50 ∘ C till clear solution was obtained. The doping precursor was Al-isopropoxide Al(O-i-Pr) 3 dissolved in diethanole amine (DEA) HN(CH 2 CH 2 OH) 2 . The sol was left under stirring for a few hours. 5 M NaOH aqueous solution was added dropwise to get a white precipitate. The pH value was adjusted to 11-12. The white precipitate was left under stirring overnight and then treated hydrothermally at 200 ∘ C for 12 hours. The precipitate was washed with water 4-5 times and dried in air at 100 ∘ C for 12 hours. Different doping ratios were tested, namely, 0.5, 1.0, and 2.0 mol.%. This was achieved following the same steps as above but with a change of the amount of the added dopant concentration.
The Brunauer-Emmett-Teller (BET) gas adsorption measurement technique was used to measure the surface area of the powders. The powder degassing was achieved by using Autosorb Degasser station, and the measurements were conducted at liquid nitrogen saturation vapor pressure using Autosorb-6B from Quantachrome.
Coating Preparation and Characterization
Coating Solution.
The dried material for both GZO and AZO powders is grinded to reduce the size of the agglomerates until a fine powder is obtained (size < 0.2 mm). The fine powder was wetted using a small amount of polyethylene glycol (PEG 600 ) and 3,6,9-trioxadecanoic acid (TODs) as a dispersing agent. The wetted GZO and AZO powder were dispersed mechanically using a mortar for 15 min. This process breaks the agglomerated powder and produces a homogenous paste. The paste was then dissolved in 1-propanol as a solvent. The obtained suspension was centrifuged at 4000 rpm for 20 min to remove the remaining large agglomerates.
Film Preparation.
A spin coating technique was used to deposit transparent conductive coatings (spin coater model 1001 CPSII from CONVAC). The substrates, low iron borosilicate glass (C-glass), were cleaned in a washing machine using bidistilled water and then heated in an oven at 500 ∘ C for one hour. Single and multilayer coatings were spun at a speed of 1000 rpm for 15 s. The layers were first dried in air for a few minutes and then sintered for 15 min at 600 ∘ C. When the effect of sintering temperatures was studied, fused quartz substrates were used in a temperature range of 500 to 700 ∘ C. The thickness and refractive index of the layers were measured by the ellipsometry technique (Spectroscopic Ellipsometer M-2000, J.A. Woollam Co., Inc.).
Film
Characterization. X-ray diffraction (XRD) patterns of the layers were collected on XPERT-PRO-MPD (PANalytical) diffractometer unit, using Cu anode material operating at 40 kV and 30 mA with wavelength (K : 1.541837Å, K : 1.392220Å). The surface morphology of the coatings was imaged using a high resolution scanning electron microscopy HR-SEM (JSM67500F, JEOL) with secondary electron signal excited by a 10 keV primary beam. The sheet resistance R ◻ of the films was measured using the four-point probe technique (34401A Multimeter, HEWLETT PACKARD). Transmission and absorption of the coating were measured using a UV-VIS spectrophotometer (CARY 5000 from Varian). The measurements were carried out in the spectral range 300-3000 nm.
Results and Discussion
3.1. Thermal Properties of the Paste. In order to better understand the thermal behavior of the as-synthesized coating and to ensure the removal of the organic species of the paste, a differential thermal analysis and thermal gravimetry (DTA/TG) spectra were obtained for the GZO (a) and AZO (b) paste doping ratio of 1 mol.% prepared by wetting nanoparticles in PEG and TODs and then dissolving them in 1-propanol (see Figure 1 ). The spectra of both pastes have the same features. A very small endothermic peak is observed at temperature below 150 ∘ C. It is accompanied by a mass loss of about 6.2 wt.% and 5.83 wt.% for the GZO and AZO paste, respectively. This peak corresponds to the evaporation of the water minorities in the paste. The main feature of the DTA curve is a strong exothermic peak between 250 and 450 ∘ C with a maximum at 367.5 ∘ C. This feature is accompanied by the main mass loss of about 44.6 wt.% for the GZO paste and 38.24 wt.% for the AZO. It may correspond to the degradation and consumption of the organic ligands used in dispersing the particles. For both pastes, no further changes are observed at temperature higher than 500 ∘ C, so no phase transformation is expected by heating the films at a temperature greater than 500 ∘ C. Figure 2 shows the XRD patterns of triple GZO and AZO layers with a doping ratio of 1 mol.% deposited on a borosilicate glass substrate and sintered in air at 600 ∘ C. According to XRD patterns, zincite ZnO (wurtzite hexagonal structure, pdf number 01-074-9940) is the only detected crystallographic phase for both coatings. The crystallite size calculated from the (100), (002), and (101) peaks and the lattice dimensions are shown in Table 1 . No peak shift was observed between the two layers. The GZO layer exhibited a larger crystallite size (45 nm) than AZO layer (30 nm). The full width at the half maximum of (100) peak was found to be 0.5 ∘ for the GZO layer and 0.7 ∘ for the AZO layer, which reveals that the former has a better crystallization degree. This may be attributed to the fact that the difference between the ionic size of Zn 2+ (0.074 nm) and Ga 3+ (0.062 nm) is less than the difference between it and Al 3+ (0.054 nm). Thus, Ga ions have a lower influence on the ZnO crystallite than Al ions [17] . The intensity ratio of (101)/(002) for both layers is higher than unity, but its value for the GZO layer (2.67) is higher than that of the AZO (1.65). This shows that both layers do not have a preferred growth along the (002) plane ( -axis), unlike many reported ZnO based thin films [18] [19] [20] . The higher the -axis preferred orientation the lower the electrical resistivity due to the reduction in the scattering of the carriers at the grain boundaries [21] . 3). The same structures with an average grain size of 62 nm was reported for the GZO with 2 at. % Ga prepared by spray pyrolysis [20] . Many structures have been reported for ZnO based layers. ZnO whiskers and acicular particles were prepared by hydrothermal method [22, 23] and crystalline nanowires were prepared via low-temperature solution synthesis [24] .
Layer Structure and Morphology
3.2.1. Layer Structure.
Electrical and Optical
Properties. The electrical conductivity of gallium and aluminum-doped zinc oxide (GZO and AZO) films was characterized as a function of doping ratio, thickness of the coatings, and sintering temperature. Figure 4 shows the electrical resistivity, , of 5 spin coated GZO and AZO layers as a function of the doping ratio in the nanoparticles used in coating sol. The layers were sintered in air at 600 ∘ C and then postannealed in forming gas (N 2 : H 2 = 92 : 8) at 400 ∘ C for 90 min. The Ga and Al doping concentration range from 0 to 2 mol.%. As seen in the figure, the GZO layer exhibited lower electrical resistivity compared with the AZO layer deposited at the same conditions where its resistivity is lower by a factor of 30 at the doping ratio of 1 mol.%. Doping ZnO with Al and Ga resulted first in a sharp decrease of the resistivity of the film, , which started to increase by further increase of the doping ratio. At the doping ratio of 1 mol.%, the resistivity reached a minimum value of 7.4 × 10 −2 Ω⋅cm and 1.45 Ω⋅cm for the GZO and AZO coating, respectively. The resistivity of GZO increased sharply by increasing the doping ratio to reach 1.06 Ω⋅cm (14 times the value at 1 mol.%) while the resistivity of the AZO layer increased to 2.24 Ω⋅cm (1.5 times the value at 1 mol.%). The improvement in electrical conductivity by introducing Ga and Al in the coating is due to the increase in the free electron density. The substitution of Al 3+ or Ga 3+ ion for Zn 2+ ion releases one free electron in the lattice contributing to the electrical conductivity. At the high doping concentration, the free electron density begins to decrease because an increasing number of dopant atoms form neutral defects instead of substituting the Zn ions, and these neutralized atoms do not contribute free electrons, being located at the interstitials, acting as defects, reducing the film quality and increasing scattering [25] . It was reported also that the mobility and hence the resistivity of transparent conductive oxides are limited by ionized impurity scattering for high carrier concentrations [26] . An optimal doping concentration, which leads to the highest carrier concentration and lowest electrical resistivity, exists there. Chen [27] found that the highest Hall mobility of the GZO films is 5.97 cm 2 /V⋅s at carrier concentration of 1.05 × 10 21 cm −3 .
The crystallite size was calculated from the XRD spectrum of the GZO and AZO nanopowder having different doping ratios (see Figure 5 ). Doping ZnO with Ga or Al decreased the crystallite size due to the smaller ionic radius of the dopant when compared to Zn. Beside that, the covalent bond lengths of Ga-O and Zn-O are estimated to be 1.92Å and 1.97Å, respectively [28] . Further increase of the doping ratio above 1 mol.% seems to promote the crystallite growth of AZO nanoparticles where the particle size increased to 47 nm at a doping ratio of 2 mol.%. This seems to be caused by exceeding the thermodynamic limitation of solubility of Al in ZnO [29] , resulting in a clustering of the dopant ions, which significantly increases the scattering rate. It could also produce a nonparabolicity of the conduction band, which has to be taken into account for degenerately doped semiconductors with filled conduction bands. This is in agreement with the Burstein-Moss effect, pointing to the increase of band gap by escalating doping ratio (charge carrier) [30] .
The lower resistivity of the GZO layer compared to the AZO might refer to the high scattering at the boundaries in the AZO layer where XRD pattern of nanoparticles showed that it has smaller grains. It is well known that the scattering at grain boundaries has a great effect on the conductivity and the charge mobility. The same result was reported in the comparative study made by [31] for GZO and AZO sol gel films.
Aegerter et al. [32] reported that the resistivity of transparent conducting coating decreases with the number of layers and that the coatings become denser. The dense structure of the conducting layer is favorable for easy transport of the charge carriers. It is difficult to produce single layer with reasonable thickness, therefore, multiple coating processes are required. To obtain thicker films, multilayers coatings were deposited by repeating the coating steps (spinning and sintering). Figure 6 shows the variation of the sheet resistance and transmittance at = 550 nm with the thickness of layers. Increasing the thickness of the films improves the electrical conductivity but has a negative impact on their optical properties. For GZO layer (Figure 6(a) ), the sheet resistance decreased from 25 kΩ◻ for 53 nm thick single layer to 2.8 kΩ◻ for 368 nm thick 5-layer coating. On the other hand, the optical transmission dropped from 93 to 86%. In general, the film with triple layers (159 nm thick) is found to have a good optical quality ( = 89%) and a moderate electrical sheet resistance ( ◻ = 4.3 kΩ◻). A sheet resistance of 3.3 kΩ◻ was reported for the GZO thin film doped with 1.5 mol.% of Ga after postannealing at 650 ∘ C for 60 min in air for sol-gel spin coated 150 nm thick layers [31] .
As seen in Figure 6(b) , the single AZO layer is approximately 56 nm thick and has a sheet resistance of 760 kΩ◻ ( = 3.7 Ω⋅cm) and an optical transmission of 90%. The deposition of multilayers improves the electrical properties where the sheet resistance of a 3-layer coating is 104 kΩ◻, a factor of about 7.3 lower ( = 1.74 Ω⋅cm).
Fortunato et al. [33] found that for sputtered layers that are up to approximately 400 nm the film properties are highly dependent on the surface (two-dimensional behavior), while for thicker films is clearly dependent on the bulk properties of the material (three-dimensional behavior).
The optical properties of GZO and AZO layers were studied by UV-Vis spectrophotometer. Figure 7(a) shows the transmittance of a single GZO and AZO film made with a doping ratio of 1 mol.%, sintered in air at 600 ∘ C, and postannealed in forming gas at 400 ∘ C. Both coatings exhibit a high transmittance in the visible range ( = 400-700 nm), close to 90%, and a little lower transmission in the near IR range due to the free charge carrier absorption. The absorption edge of the spectra is shifted to a higher energy (blue shift) for the AZO layer compared with the GZO one. The energy band gap ( ) values can be obtained from the absorption coefficient , which can be calculated as a function of the photon energy (ℎ]). The relationship between the absorption coefficient and photon energy can be expressed as [34] ( ℎ]) 2 = (ℎ] − ) ,
where is a constant and can be calculated from the expression = / , where is the measured absorbance and is the thickness of the coating. The value can be obtained by extrapolating the linear portion of the graph of ( ℎ]) 2 versus ℎ], which has been shown in Figure 7 (b). The obtained value for the AZO layer is 4.14 eV, which is higher than that of the GZO layer (4.01 eV). The obtained energy gap for both films is higher than the reported value, 3.3 eV, for the bulk ZnO. This blue shift may be attributed to quantum confinement effects. This effect appears as a blue shift of the energy gap in such a way that the smaller the nanoparticles the stronger the blue shift [35] , which explains the greater blue shift for the AZO layer compared with the GZO one as it has smaller particles.
The influence of the heat treatment temperature on electrical conductivity of GZO and AZO layers prepared from colloidal solution of GZO and AZO nanoparticles (doping ratio 1 mol.%) in 1-propanol as a solvent was tested in the temperature range 500-700 ∘ C. For the GZO layer, no significant changes have been noticed by increasing the Figure 7 : The optical transmittance in the wavelength range 300-3000 nm (a), 2 ℎ 2 2 versus ℎ (b) for single GZO and AZO layers sintered in air at 600 ∘ C and further postannealed in forming gas at 400 ∘ C. temperature between 500 ∘ C and 600 ∘ C where the electrical resistivity decreased from 7.95 × 10 −2 Ω⋅cm at 500 ∘ C to reach a minimum value of 7.42 × 10 −2 Ω⋅cm at 600 ∘ C. On the other hand, the resistivity of the AZO layer is halved by increasing the temperature from 500 ∘ C to 600 ∘ C reaching a minimum of 5.2 Ω⋅cm. However, the resistivity of both layers increased by increasing the sintering temperature above 600 ∘ C (see Figure 8 ). The increase of electrical resistivity for layers sintered at temperatures higher than 600 ∘ C seems to be due to the formation of pores through the film resulting from the decomposition reaction of precursors at high temperatures and the evaporation of residual organics.
In addition, microvoids can then coalesce to form bigger pores. The same phenomena were faced by Kim and Tai [36] for sol gel aluminum doped zinc oxide, AZO. They suggested that the mobility of electrons decreases due to a scattering by Al 2 O 3 segregating at the grain boundaries.
Conclusion
Aluminum and gallium doped ZnO TCO thin films were deposited by spin coating on glass substrates using crystalline nanoparticles redispersed in 1-propanol. All films have a hexagonal wurtzite crystal structure. The particle size and electrical and optical properties for both films are found to be dependent on the doping ratio. A minimum sheet resistance was obtained for GZO and AZO films at a doping ratio of 1 mol.%. The heat treatment has a great effect on the obtained layers where no phase changes were observed at temperature higher than 500 ∘ C, while the electrical conductivity is found to decrease by heating the films at temperature higher than 600 ∘ C. The transmittance of the AZO and GZO thin films is higher than 80% in the visible region. The optical band gap of the AZO is higher than that of the GZO, and both of them are higher than that of bulk ZnO in accordance with the Burstein-Moss effect. In conclusion, GZO films showed better properties than AZO ones when used as transparent conducting coatings.
